Terahertz spectroscopy is one of the most suitable methods for the analysis of electron transport in solids, and has been applied to various materials. Here, we demonstrate that terahertz spectroscopy is the technique of choice to characterize solid electrolytes. We measure the terahertz conductivity of stabilized zirconia, a widely used solid electrolyte material, by terahertz time-domain spectroscopy at high temperatures, providing a wealth of information unavailable from conventional techniques. It is found that the conductivity reflects the microscopic motion of the ion just before hopping to an unoccupied site. Our results suggest a powerful approach in probing the ionic conduction mechanism and could help us explore other solid electrolytes for fuel cells and all-solid-state batteries.
T erahertz (THz) conductivity measurements are one of the most powerful and popular tools in present material science to evaluate the carrier transport in solids [1] [2] [3] . At low temperatures, the electrons and holes in a doped semiconductor are trapped by the impurity atoms. Here, the resonance frequencies appear in the THz regime (typically several THz). When the carriers are thermally activated at high temperatures, the resulting free electrons and holes exhibit a large conductivity at zero frequency. Since the electronic transport in semiconductors is governed by electron-lattice scattering on the sub-picosecond timescale, the electronic conductivity has also a component in the THz frequency range 4, 5 . The schematics of the electron transport and the corresponding conductivity spectra are shown in Fig. 1a , b, respectively. Recent advances in ultrashort laser and frequency conversion technologies have enabled coherent THz wave generation and detection 2, 6, 7 , which allows us to perform THz timedomain spectroscopy (THz-TDS) measurements with high spatio-temporal resolution without need of electrodes. THz conductivity measurements have been performed on various electronic materials including strong correlated electron systems 1, 4, 8 .
We propose THz-TDS as an advanced method for the characterization of ion transport in solid electrolytes, which is decisive for the performance of fuel cells or all-solid-state battery [9] [10] [11] . Fuel cells have been getting enormous attentions as a new energy generator, because they have various advantages such as high efficiency and cleanliness, compared to conventional power sources 12, 13 . All-solid-state battery also has much benefits, such as higher charging speed and higher stability than the conventional batteries 14 . Here, we picked up the stabilized zirconia as an example of solid electrolyte. The stabilized zirconia is the one of the most popular and familiar solid electrolytes and is widely used in commercial solid oxide fuel cells (SOFCs) 15, 16 . The ion conduction is usually interpreted in terms of hopping as shown in Fig. 1c . Acceptor dopants located at the cation sublattice in the crystal generate oxygen vacancies, and an adjacent oxygen can hop to an unoccupied site at adequately high temperatures. The energy of this potential barrier is also termed migration energy, which is one of the most important parameters for the intrinsic ion conduction 17 . However, even at the operating temperature of the SOFCs, some oxygen vacancies form defect clusters and stay at specific sites near the acceptor dopants 18 . The stability of the defect cluster is expressed with the binding energy, which strongly modulates the shape of the long-range potential of the acceptor ion. The long-range potential (also called activation energy E low a indicated with the blue dashed line in Fig. 1c ) is the sum of migration energy and binding energy, and can be evaluated using conventional low-frequency (<MHz) impedance measurements. The THz-TDS allows us to investigate the microscopic potential in the oxide ion conductor (that is, the potential that is involved in the hopping process indicated with the orange arrow in Fig. 1c ), which is crucial for SOFC material design.
We believe the motion of the ions in the THz frequency range reflects the microscopic ion hopping. Oxygen ions near the vacancy oscillate thermally at the so-called attempt frequency (several THz) before hopping occurs. Such an ion motion can be regarded as a single vacancy mode in accordance with the picture of the hole in an electronic system. It is similar to the localized ion mode in a semiconductor 19 , which is different from the collective ion motion (phonon) 1, [20] [21] [22] . Since the vacancy modes have strong anharmonicity 23 , a vacancy oscillation with a large amplitude at high temperature induces the hopping to adjacent sites. The frequency components slightly below 1 THz in the conductivity spectra become apparent at high temperatures when the amplitude of the localized vacancy mode is large [24] [25] [26] . The expected conductivity spectra at low and high temperatures are shown in Fig. 1d . Therefore, the THz conductivity in a solid electrolyte contains essential information on the individual ion hopping, which is strongly different from the information provided by the long-range low-frequency conductivity measurements.
Here, in this work, we perform THz-TDS for stabilized zirconia at high temperatures and show that the evaluated conductivity Fig. 1 Schematics of electronic and ionic transport. a Potential for the electron near a donor atom in a semiconductor. b Corresponding conductivity spectra at low (blue) and high temperatures (red). The frequency component of the electronic conductivity at high temperature extends to the THz regime. The shaded area shows the sub-THz frequency region. c Potential for the oxygen vacancy near a dopant atom in an oxide ion conductor. d Corresponding conductivity spectra at low (blue) and high temperatures (red). The broadening of the vacancy mode towards low frequencies at high temperatures provides information on the individual ion hopping (orange shaded region), which is different from the information obtained in long-range ion transport measurements for low-frequency conductivity (blue shaded region) includes the information on the microscopic motion of the ion just before hopping to an unoccupied site occurs, which cannot easily be evaluated by conventional techniques.
Results
THz conductivity measurements. We employ THz-TDS to investigate the conductivity in yttria-stabilized zirconia Zr 0.84 Y 0.16 O 2−δ (8YSZ), which is commercially used as SOFC electrolyte with the cubic fluorite structure 15, 27 shown in Fig. 2a . Pure ZrO 2 undergoes a phase transition from the monoclinic structure to the tetragonal structure at a temperature T of about 1400 K, and transits to the cubic structure at~2570 K 27, 28 . The doping with 8 mol% Y 2 O 3 enables stabilization of the zirconia's cubic fluorite structure even at room temperature 27 and simultaneously creates oxygen vacancies. Therefore, the oxygen ions can move to the vacancy site, which constitutes the ion conduction. The ion conduction in 8YSZ has been investigated by conventional impedance measurements [29] [30] [31] [32] [33] [34] [35] [36] [37] , and 8YSZ is actually utilized as solid electrolyte in oximeters and fuel cells 15 . The ion transport in 8YSZ has also been discussed theoretically 17, 38 . Furthermore, the phonon modes have been determined by neutron scattering 39, 40 and Fourier infrared spectroscopy 41, 42 . Figure 2b shows the time profile of the reference THz pulse that is detected without the sample, and Fig. 2c shows the THz waves that are detected after the reference pulses have passed through the 370 μm-thick ceramic 8YSZ plate at different temperatures. The details of our experimental setup for the THz-TDS are described in the Methods. The amplitude of the THz pulse that is transmitted through the zirconia sample at room temperature ( Fig. 2b ; blue curve) is smaller than that of the incident (reference) pulse and also exhibits a retardation of 6 ps. The amplitude reduction is a result of the reflection and absorption by the sample and the time delay reflects the slow phase velocity of the THz pulse in 8YSZ 22 . We find that, as the sample's temperature is increased to 1273 K the amplitude decreases further. This suggests that the absorption or conductivity in 8YSZ changes at higher temperatures.
In order to perform a quantitative analysis of the change in the conductive properties, we evaluate the THz conductivity σ THz from Fourier-transformed electric field profiles of the detected THz pulses (see Methods). Figure 3a plots the real part of the THz conductivity in 8YSZ at different temperatures under ambient atmosphere on a double-logarithmic scale. The real part of the THz conductivity and the real part of the dielectric constant are shown on a linear scale in Supplementary Fig. 1a and 1b, respectively. At room temperature, the THz conductivity increases with the frequency v. Additionally, also an increase in the temperature leads to an increase of the THz conductivity, in particular, at the lower frequency region and hence the slopes of the spectra decrease at higher temperatures. Using a single crystal, we verified that these trends hardly depend on the crystallinity (see Supplementary Fig. 2 ; the THz conductivity of an 8YSZ single crystal at various temperatures exhibits the same spectral shapes as that of the ceramic sample discussed here).
The origin of the THz conductivity component at high temperatures is important for the physics of the SOFC electrolyte. One may consider that this conductivity component is a result of the spectral broadening of the high-frequency phonon mode. Actually, one infrared-active transverse optical (TO) phonon mode at 7.7 THz has been theoretically predicted for the cubic zirconia crystal 28 . Its spectral width should be proportional to the temperature via inter-phonon scattering 22, 37 while maintaining σ / ν 2 at the frequency region below the resonance frequency. The THz conductivity spectrum at room temperature is indeed proportional to v 2 ( Fig. 2a ). However, the slope of the spectrum decreases with temperature, and approaches σ / ν at high temperatures. This suggests that the spectral change is not due to the spectral broadening of the phonon.
To confirm the minor contribution of the phonon to the THz conductivity at high temperatures, we measure the THz conductivity of another zirconia sample with a Y 2 O 3 doping concentration of 3 mol% (hereafter referred to as 3YSZ). It is known that the 3YSZ has an additional phonon resonance at 5 THz due to the tetragonal structure and exhibits a weak ion conduction compared to 8YSZ 15, 43 . Figure 3b plots the real part of the THz conductivity in 3YSZ at various temperatures on a double-logarithmic scale. The slope of σ in the 3YSZ sample remained proportional to v 2 even at T = 1273 K. This also supports that the spectral change of the THz conductivity in 8YSZ is not governed by the phonon resonance.
Evaluation of the activation energy. Another plausible mechanism for the conductivity increase observed in Fig. 3a is the long-range ion conduction that expands toward the THz frequency region. Ion conduction in SOFC electrolytes is explained with the hopping of some oxygen ions to unoccupied sites in the lattice. Various long-range conduction models, such as the correlated barrier hopping model, have been proposed for the frequency region below GHz. These models predict a power law for the high-frequency conductivity that is similar to our results 35 . Similar discussions have been performed for glass systems 44 . The low-frequency ion conductivity σ can be analyzed with the Arrhenius model using
where A, k B , and E a correspond to the pre-exponential factor, the Boltzmann coefficient, and the activation energy, respectively. The red closed circles in Fig. 4a present the THz conductivity at 0.36 THz. Here, the horizontal axis expresses the inverse temperature and the vertical axis plots ln(σT). Since Eq. (1) can be rewritten as ln σT ð Þ ¼ ÀðE a =k B Þð1=TÞ þ lnA, a straight line in this plot suggests that the conductivity obeys the Arrhenius model at high temperatures. In the low-temperature regime, the measured THz conductivity does not follow the straight line due to the phonon contribution as mentioned above. However, as elaborated in the next Section, for the present purpose it is sufficient to fit the high-temperature range. From the slope at high temperatures, we can estimate the activation energy at ν = 0.36 THz, E THz a (0.36 THz) = 0.3 eV. Furthermore, Fig. 4b evidences that the activation energy decreases as the THz frequency increases. We also show those for the 8YSZ single crystal and 3YSZ sample in Supplementary Fig. 3 , and the prominent features are the same.
Low-frequency impedance measurements. This activation energy evaluated from the THz conductivity is different from the results obtained by conventional low-frequency impedance measurements. We performed impedance measurements on an 8YSZ ceramic sample and show the Arrhenius plot of the lowfrequency conductivity as the blue circles in Fig. 4a . Obviously, the slope of the low-frequency conductivity is larger than that of the THz conductivity. We evaluated an activation energy of E low a = 1.03 eV, which is consistent with the 0.8-1.1 eV reported previously 31, [33] [34] [35] . Therefore, the origin of the activation energy obtained by the THz conductivity measurement is different from that obtained by the low-frequency impedance measurements.
Discussion
As elaborated further below, a vacancy oscillates at a specific site of the lattice until it jumps to an adjacent site. The latter process occurs at a timescale of nanoseconds or longer. This hopping mechanism suggests that the THz conductivity component is related to the large-amplitude vacancy modes, which are relevant for the vacancy hopping. These vacancies modulate phonons. While one TO phonon in cubic zirconia without dopant has been predicted at 7.7 THz 28 , infrared reflection spectroscopy implies a TO phonon mode at 10 to 12 THz in YSZ 41, 42 . We also experimentally confirmed this resonance (at 11 THz, as shown in Supplementary Fig. 4 ). On the other hand, Shin and Ishigame et al. have revealed defect-induced modes around 9 and 21 THz by employing hyper Raman scattering spectroscopy 45 . These modes are infrared-active T 1u modes, and have been assigned to the oxygen defect with the analysis of the O 6 molecule 45 . Thus, we analyze the infrared-active component with the assumption of two contributions, the phonon component with low-nonlinearity and the oxygen vacancy component. Since the potentials for the vacancy modes exhibit a strong anharmonicity 17, 38 , the vacancy jumps to the adjacent sites via large-amplitude modes after many attempts. Hence the conductivity spectrum of the vacancy mode extends to low frequencies, and the activation energy at v = 0 Hz extrapolated from the THz conductivity includes the information of the microscopic ion hopping.
Let us verify the THz conductivity originating from this vacancy motion by using the conventional analytical technique of the THz vibrational modes in an anharmonic potential 25, 26 . While the actual shape of the potential is very complex 17, 38 , we approximate the individual potential at each site as Morse potential, which is one of the most typical anharmonic potentials 46 . The energy level E i of the i-th vibrational mode in the Morse potential can be described as
ð Þ hν 0 ð1 À χði þ 1=2ÞÞ in the lowest-order approximation, leading to the following transition energy between the i-th level and i+1-th level:
Here, v 0 represents the frequency of the lowest vibrational level (i.e., the attempt frequency), and χ is the anharmonic coefficient 46 . In this model, the depth of the potential U is hν 0 =4χ, and the quantum number is limited by i<1=2χ À 1, which can be derived from the condition ν i;iþ1 >0. By assuming that the population of the vibrational mode, N i,i+1 , obeys the Maxwell-Boltzmann distribution, the optical conductivity spectrum (which is directly proportional to the absorption) at the frequency v can be written as follows
where μ i;iþ1 / ffiffiffiffiffiffiffiffiffi ffi i þ 1 p represents the transition dipole moment and γðν À ν i;iþ1 Þ the line width of the i-th transition. If we assume that the conductivity for ν<1 THz is mainly governed by a single transition between a certain i-th level and the i+1-th level, Eq. (2) can be simplified as
in the low-frequency limit of (E i+1 -E i )/k B T≪1. This relation is equivalent to equation (1), which was used to determine the THz activation energy from the Arrhenius plot (Fig. 4b) . Therefore, the activation energy E THz a (0.36 THz) = 0.3 eV corresponds to the energy E i . Since the sum of zero-point vibration energy (hν 0 =2 ¼ 0:02 eV with the assumption of ν 0 ¼ 11 THz) and E i in the low-frequency limit is close to the potential barrier U for ion hopping, we find U ≈ 0.32 eV.
To clarify whether the above assumptions are valid for this material or not, we simulate the spectra of the THz conductivity using the model outlined above. We set the potential depth to U = 0.32 eV, use v 0 = 11 THz as experimentally estimated, and assume χ = 0.035 using the relationship U ¼ hν 0 =4χ. Figure 5a shows the energy diagram of the Morse potential, and Fig. 5b shows the mode populations at 300 and 1200 K considering the Maxwell-Boltzmann distribution. We can derive the THz conductivity from the mode population using Eq. (2), and the results are shown in Fig. 5c . In the THz regime, the components of the conductivity of the localized vacancy mode increase with the temperature, and the conductivity is proportional to the frequency below 1 THz. Figure 5d is the Arrhenius plot of the calculated THz conductivity at 0.36 THz. Indeed, this figure shows a linear relation with an activation energy close to the experimental value E THz a (0.36 THz) = 0.27 eV. We also simulated the spectra of the THz conductivity using different parameters while maintaining the potential depth. The evaluated activation energy is slightly smaller than the depth of the potential due to the temperature-dependent normalization factor P i¼0 exp ÀE i =k B T ½ in Eq. (2) . In spite of the simple potential shape, the numerical simulation reproduces the experimental results. Next, let us specify the site whose potential barrier is reflected in the THz conductivity measurements. When the vacancy moves to a neighboring site, it passes the saddle point of the potential that lies between two cations 30 . An oxygen vacancy at high temperatures remains at the lowest energy site for a long time because even the thermal energy of the vacancy mode at 1000 K is significantly smaller than the energy scale of the binding energy (>0.3 eV 18, 47 ). This fact suggests that the activation energy E THz a evaluated from the THz conductivity reflects the minimum potential barrier for the oxygen vacancy at the lowest energy site (indicated with the orange dashed line in Fig. 1c ). We note that the expected potential barrier near the dopants is larger than the intrinsic migration energy due to the additional binding energy 23, 48 . However, it has been reported that the lowest energy site of the oxygen vacancy is the second-nearest neighbor of the ARTICLE dopant in case of an impurity with a large ionic radius 18, 47 . In this case, there are several equivalent sites (located like a shell around the impurity) with the same minimum energy and the vacancy can move to a neighboring site with the same energy via several paths. The potential barrier at the Zr-Zr saddle point 17 is the minimum energy required for the hopping to the next equivalent site. Therefore, we consider that activation energy determined by the THz conductivity measurements reflects the intrinsic migration energy of the oxygen vacancy.
The abovementioned migration and binding energies, which are relevant for microscopic ion conduction, have been investigated extensively, but the exact values are still a matter of debate in theoretical studies 30, 48 . Both parameters have been characterized experimentally using the temperature-dependent slopes of the Arrhenius plots for the low-frequency conductivity 49, 50 . However, the evaluated values are likely to exhibit a large uncertainty due to a simplified analysis, leading to unresolved issues even in zirconia 16 . The mechanisms of oxide ion migration (e.g. the formation of oxygen vacancies and their preferential locations) have also been investigated by nuclear magnetic resonance 51 , and muon measurements 52 . However, these are not standard techniques that are easily accessible for a wide range of researchers. Here, we applied a standard technique based on ultrashort optical pulse technology and directly evaluated the oxide ion dynamics in the solid electrolyte of SOFC. This method enables the direct evaluation of the charge fluctuation owning to its high temporal resolution. Our proposed method is very attractive for the field of ionics, because the intrinsic migration energy of the oxygen vacancy can be accurately measured. We measured the THz conductivity for different stabilized zirconia samples to investigate the dependence of the activation energy on the impurity atom type (M 2 O 3 with M = Y, Yb, Gd, Sc, and MO 2 with M = Ca, Mg). Figure 6a shows the activation energies evaluated by the low-frequency impedance method, E low a . The temperature dependence of the low-frequency impedance is shown in Supplementary Fig. 5 . Figure 6b shows the activation energies evaluated by the THz conductivity measurements at ν ¼ 0:36 THz, E THz a . The graph clearly shows that the THz activation energy decreases with the ionic radius of the dopant, which is different from the result obtained in the impedance measurements. This is because the activation energy obtained in the impedance measurement reflects the long-range potential while the THz activation energy reflects the short-range potential. The trend of the THz activation energy is a result of the increase in the effective lattice constant due to the larger ionic radius of the dopant. Therefore, the migration energy along the Zr-Zr path decreases 17, 48 . This tendency is in good agreement with the calculation result 17 .
In conclusion, we measured the THz conductivity of various stabilized zirconia samples by THz-TDS. We observed the THz responses originating from the large-amplitude oxygen-vacancy motion, which is related to the vacancy hopping to adjacent sites. The temperature dependence of the THz conductivity revealed the intrinsic migration energy of the vacancy. This method is applicable to various solid electrolytes in protonic ceramic fuel cells (PCFC) [53] [54] [55] [56] [57] and all-solid-state lithium ion batteries 10, 58 , because the attempt frequencies of the ion transport in these materials are also expected to lie around several THz 59 . Since THz-TDS should reveal the hidden mechanism of ionic conduction, our proposed method is useful for development of novel solid electrolytes for fuel cells or all-solid-state batteries. , water, citric acid, and ethylenediamine tetraacetice acid were mixed while maintaining a pH of 10 by adding aqueous ammonia. After ammonium nitrate was added, the solution was heated at 623 K. The obtained powders were calcined in air for 10 h at 1173 K. The powder was further ball-milled and pressed into CIP pellets at 250 MPa, which was followed by sintering at 1873 K for 10 h in air. The obtained samples were used for both the THz conductivity measurements and the impedance measurements. For characterization, we measured the X-ray diffraction (XRD) of the powder samples using MinFlex600 (Rigaku) with CuKα radiation. All XRD patterns shown in Supplementary Fig. 6 were analyzed by employing the Rietveld refinement technique. The X-ray powder diffraction analysis confirmed a well-defined fluorite pattern for all samples prepared in this study.
Methods
Experimental setup for the THz time-domain spectroscopy. We performed the THz-TDS measurements by using the output from an Er-doped fiber laser (TOPTICA Photonics, FemtoFiber pro NIR) with a center wavelength of 780 nm (second harmonic of 1560 nm), a repetition rate of 80 MHz, an average power of 130 mW, and a pulse duration of 90 fs. A beam splitter was used to divide the output beam into the excitation beam for THz pulse generation and the sampling beam for detection, respectively. The excitation pulse was focused on an InAs plate exposed to a magnetic field of 0.5 T. The THz pulses emitted from InAs were guided by four parabolic mirrors to the sample and transmitted to an electro-optic (EO) detector, which was a 1-mm-thick (110)-oriented ZnTe crystal. The instantaneous THz electric field amplitude alters the birefringence of the ZnTe crystal. The sampling pulses were focused on the same crystal, and the polarization state of the sampling pulse modulated by the THz wave was measured using a quarter wave plate, a Wolston prism, and balanced Si detectors. To achieve a high signal-to-noise ratio in the measurements, the excitation pulses were chopped at 6 kHz and the modulated signal was analyzed with a lock-in amplifier. The sample was placed in an electric furnace with temperatures up to 1300 K under atmosphere without drygas replacement, and the THz pulse entered the furnace through an aperture with 7 mm diameter (no window) using an off-axis parabolic mirror. This setup has a low-frequency detection limit of 0.35 THz. The black-body radiation from the sample can hardly influence our measurements because its field amplitude is much lower than that of the coherent THz pulse. Nevertheless, we carefully blocked the black-body radiation from the electric furnace with thin black polypropylene films.
Evaluation of complex optical conductivity. Using THz-TDS, we determined the electric field waveform of the THz pulse transmitted through the sample, E s ðtÞ, and that of the reference pulse without sample, E r t ð Þ. The complex optical conductivitỹ σðωÞ can directly be evaluated with these time profiles as explained in the following. First, we only employ the measured electric field waveforms in the time region from 2 to 16 ps, because the signal at 18 ps caused by multiple reflections in the sample complicates the analysis. Second, the complex transmittancet ω ð Þ, which is a ratio between the Fourier-transformed electric fieldsẼ s ω ð Þ andẼ r ω ð Þ, can simply be expressed in terms of the complex permittivityεðωÞ,
Here, c is the speed of light (in vacuum) and d is the sample thickness. Thus, we can obtainεðωÞ fromt ω ð Þ and then evaluate the complex conductivityσðωÞ using the following relation,ε
Impedance analysis. The electrical conductivities of the samples were measured by a two-probe alternating-current technique. The samples prepared for this measurement had the shape of a pellet (length: 0.5-1.0 mm). The Pt electrodes were prepared by applying a Pt paste on both surfaces of the pellet and subsequent baking at 1173 K in air. The samples were equilibrated with 1.9% H 2 O-21% O 2 -Ar in the temperature range of 573-1073 K. The complex impedance was measured in the frequency range of 4-8 MHz using an inductance-capacitance-resistance meter (HIOKI corporation: IM3536).
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